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SUMMARY

C.Huppert

Theeffectofwaterinjectiononpoweroutputofa turbine-
propellerengineincorporatinga centrifugalmmpressorisdetemined
bycamputingthewetcompressionprooessas polytropicandusing
currentlyavailabledataantheeffectofwaterinjectionatthe
compressorinlettodetermineempiricaloonstantsrelatedtotherate
ofevaporation.Theanalyticalinvestigationincludescompressortip

: speedsof1200,1500,and1800feetpersecondata turbtne-inlet
5 temperatureof20000R.
> .

Thecalculationsbasedcmeqerimentaldataindicatethatwith
theuseofwaterinjectiontheshaftpowerof theenginemaybe

* increasedbymorethan78percentata compressortipspeedof
1800feetpersecondwithoutincreaseinturbine-inlettemperature.
Theliquidconsumptionisincreased4.5timesinordertoachieve
thisaugmentation.

Ifsufficientwaterisinjectedwithinthecompressortosatu-
ratetheairatthecompressoroutlet,poweraugmentatimasgreat
as200percentispossibleata compressortipspeedof1800feet
persecond.

INTROIXK?210N

Poweraugmentationofgas-turbineanginesforimprovedtake-off,
climb,andemergencyuseisofimportanceinIncreasingtheeffective-
nessoftheapplicationofturbine-propellerenginestocivilianand
militaryaircraft.Onemethodofincreasingthepowerofgas-turbtie
engtnesistheuseofevaporativecoolingduringthecomuresslonprocess
in ordertoincrease

Waterinjection. usedtoincreasethe

*

thecompressorpressurera;io. -

atthecompressorinlethasbeensuccessfully
thrustofturbo~etengines.References1 and2
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indicatethatthesea-levelstaticthrustofa centrifugal-flow-
typeturbojetenginemaybeincreasedabout25percentbyuseof

TN3403

.

liquid+jection.Refe~ce3 indicatesthat&eatert~ustaug- “g
mentationispossibleata compressorpressureratioof11than dl-l
of4.

Aspartofa generalresearchprogrambeingconductedatthe
NAOALewislaboratorytoinvestigatemethodsofimprovingpower
augmentation,theperformanceofa centrifugal-flow-typeturbine-
propellerenginewithwaterinjectionattheccanpressorinletwas
studied. Thewet-mnpressionprocess(withtheevaporatingliquid
extractingheattromtheworkingfluid)wasconsideredaspolytropic.
Calculationsweremadewithvaluesofcoolingeffectiveness(ratio
ofactualcoolingtopossiblecoolingwithalltheinjectedliquid
evaporated)of1.0,0.8, 0.6, and0.4 and withvaluesofcooling
effectivenesscomputedfromtheexperimentaldataofreference1.
Theengineperformancewascalculatedatcompressortipspeedsof
1200,1500,and1800feetpersecond(forcompressorpressureratios
withoutwaterinjectionofapproximately2.6,4.0,and6.0,
tively)atsea-levelstaticconditionswitha turbine-inlet
atureof2000°R.

respec-
temper-

A

‘P

%

6

H

H’

%?

h

hp

SYMBOLS

Thefollowingsymbolsareusedinthisreport:

flowareainturbinestator,sqft

specificheatatconstantpressureofooolemt-airmixture,
Btu/(lb)(%’)

specificheatatconstantvolumeofcoolant- airmixture,
‘Btu/(lb)(OF)

accelerationdue to

enthalpy,Btu/lb

enthalpyofcoolant

gravity,32.2

vapor,Btu/lb

rt/i3ec2

enthalpyofliquidandvapor,Btu/lb

lowerheatingvalueoffuel,Btu/lb

horsepower..
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mechanicalequivalentofheat,778ft-lb/Btu

ratioofaotualcoolingto~ssiblecoolingwithalllnJected
liquidevaporated,Qfi

tipMachnumberbasedoninletstagnationtemperature

pol.ytropicexponent

stagnationpressure,lb/sqftah

effectivecoolingparameter,QK

ooolingparameter(orratioofpossiblecoolingtoshaftwork),

meohanioalworkdissipatedin

gasuonstantofcoolant-air

stagnationtemperature,OR

tipspeed,ft/sec

weight flow,lb/see

ratioofspecificheats

adiabaticefficiency

polytropicefficiency

stagnationdensity,lb/cuft

heat,Btu/lb

mixhre,ft-lb/(lb)(%)

3
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J’g* caupressorpressureooeffioient, P

?$

Subsorlpts:

1

2

3

4

a

b

c

f

~

s

t

w

compressorinlet

compressoroutlet

turbineinlet

turbineoutlet

ah

burner

compressor

fuel

gas

shaft

turbine

liquidandvapor

ANALYSIS

Whenliquidcoolantisinjectedatthecompressorinlet,the
inductedairi8cooledbyevaporationoftheinjectedllquldfrom
suspendeddropletsandfromliquidonthecoolant-wettedsurfaces
withinthemmpressor.

Ifnoheatistransferredthroughthecompressorease,the
generalenergyequationexpressedinthesymbolnotationofthis
reportis

%%,l+wa%,l+- =‘&,2+wa%,2 (1)
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andfromthedefinitionofthecompressorslip
requiredtodrivethecxxnpressorisrelatedto.

A speedasA
nn

.

Also,frcmthesecondlawofthermdynaudcs

factor,thepower
thecompressortip

where J’
g isdefinedasthecompressionworkper
P

compressedortheareaofthepressure-volumediagra

Ww ( S&) S&
~ %,2-%,1-> +%,2-%,1=7

(2)

(3)

poundofgas

(fig.1). Then

(4)

Thecompressionworkperpoundofgasmayberelatedtothemu-
. press=tipspeedbythefollowingexpression,whiohalsodefines

thecompressorpressurecoefficient:

Thecompressorpolytropic
ccmpdessionworktoshaft

efficiency,definedastheratioof
work,iS

(5)

(6)

(7)
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Theprooessofcompressingairwithevaporativecoolingis
consideredpolytropio.Withthisassumpticm,equation(5)maybe
Integratedtoyield

dpn
P—=x

ml
T

.~=(H -H )
n-1 y a,2 a,1

11 (8)

(9)

Thepolytropicexponentn maybedeterminedbyequating
equatlcm@(9)and(5),solvingfor ~,2-Ha,l,substitutingthe
valueobtainedinequation(4),andusingequation(6).Then

whereQ,theratioofheatremovedbyevaporationfi?omeachpoundof
compressedairtoshaftwwk,,is

(11)

But %,2 isgenerallyindeterminatebeoauseofthe-o= quan*i*Y
ofunevaporatedliquidpresentintheairleavingthecompressor,so
that

(12)

gJ

,

w
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BeoausethecoolingeffectivenessK mayvarywithcompress_w-
inlettemperature,inletpressure,inletrelativehumidity,and Q,.
itmustbeexperimentallydetermined.Themannerinwhichthe
coolantisinJectedandtheaveragedropletsizeatthecompressor
inletmayalsoaffectK.

Thevariationofthepolytropicexponentwith Q for various
valuesofthemnpreasorpolytropicefficiencyqp,c isshownin

fi&e 2. Thepolfiropicexponentdecreaseswithanincreasein
compressorpolytropicefficiencyandwithantncreasein Q. When
Q is 1.0, thepolytropicexponentis1.0;thatis,theprocess
isisothermal.

Whenthepolytropicexponentisdetermined,thecompressor
pressureratioandcompressor-outlettemperatureratiooanbeobtained
fromequations(8)and(6),afterconvertingcompressortipspeed
toMachnumber:

Andfrcmtherelationbetweenpressureandtemperaturefora
. polytropicprocess

(13)

(14)

PROCEMIRE

Theperformanceofa turbine-propellerengineincorporatinga
centrifugaleumpressorwithwaterin~ectionatthecompressorinlet
iscomputedforIiACAstandardsea-levelstaticconditionsatcolu-
pressortipspeedsof1200,1500,and1800feetpersecondandthe
followingconstants:

~2
H’w,2-~,1-~ possiblecoolingperpoundofwaterinJected,

1100Btuperpound

K coolingeffectiveness,1.0,0.8,0.6,0.4,end.
valuesfromfig.3

“
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burnerpressureratio,0.95

compressorslipfactor,0.92

turbine-inletstagnationtemperature,2000°R

burnereffioienoy,0.95

turbineadiabaticeffioienoy,0.825

compressorpressurecoefficient,0.70

Theoompressurepressureandtemperatureratiosarecomputed
usingequations(13)and(14),respectively.Becausetheslipfac-
tor S ofa centrifugalcompressorgenerallyvariesinappreciably
withenginespeedorwithoorrectedairflowatanygivenspeed,
theevaporativecoolingduringcompressionisassumedtohavea
negligibleeffeotontheslipfactor.Thepressurecoefficient@
isalsoassumedtobeunaffectedbywaterinjectim.

Theexperimentaldatafromreference1,plotted~ figure3,
areusedtoevaluatetheeffectofcoolingparameterQ onthe
coolingeffectivenessK. Themimum valueofeffectiveoooling
parameterQ obtainedfromthedataofreference1was0.43,whereas
calculationsindicatethata valueof Q of0.685isnecessaryfor
saturatlmofairwithwateratthecompressoroutletwhendryair
atstandardconditimsentersthecompressor.

&cm equation(2),thehorsepowerrequiredtodrivethecom-
pressorperpoundofairpersecondis

Therequiredfuel-airratiois

%=M2!E?
Wa hvb-cp,b(T3-T~)

(15)

(16)

.—

“

.
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.
whereT2 foranyvaluesof ~ and U isccmputedwith K equal
to1. Thefuel-airratioWf/Wafora givenU isthesamefor.
anyvalueof K becauseithaslittleeffecton Wf/Wawhether
waterisevaporatedintheccaupressororintheburner.

Thepower~ thetwbineiscomputedassumingcmmpleteexpan-
sionthroughtheturbine.Thatis,theturbtne-outletsta~ation
pressureisassumedequaltothecompressor-inletstagnation
pressure,sothat

P3 P3P2—=——
P4 P9PI

Withthepressuresandthe
known,thegasflowthroughthe
statorchoked,isdetemninedby

(17)
c9J-

temperaturesatstations2 and3
engine,assumingtheturbine

.
SAki@

‘rT3
(18)

. Accountingforthecoolantvaporandccaibusthnproductsinthe
gasatstation3 givestheairflowas

Wa= ‘g
Wf WV

1+~+—
a Wa

per
Thehorsepowerdevelopedbytheturbineperpounaofairflow
secondis

(19)

whereP4/P3isobtainedfromequation(17).

.

.
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Shafthorsepoweristheturbinepower
power

The
the
the

Ws = hpt- hpo

The

The
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specificheatsatoonstantpressureanduonstantvolumefor
mixtureofcoolantandairattheburneroutlet(neglecting
effectofthecombustimproducts)are,respectively,

The

minusthecompressor

c awa+o ~ww

CP= Wa+W~

and
cvawas~www

Cv=
Wa+ww

ratioofspecifioheatsis

.

U3
2
d

—

.

es constantforthemixtureofcoolantandairis
w

~= ~wa
Wa+ww

propertiesofalrandwatervaporusedintheforegoing
equationsarefromstandardtables.

RESULTSANDDISCUSSION

Engine-performancecharacteristicsatsea-levelstaticcon-
ditionspresentedhereinarebasedona turbine-inletstagnation
temperatureot2000°R withcompressortipspeedsandwater
injectionratesasoperatingvariables.Therelativehumidityof
theairbeforeenteringthecompressorinletisalsoconsidereda
variable;iftheincomingairissaturated,theamountofwater
thatmustbeinJectedatthecompressorinlettosaturatetheair
atthecompressoroutletisonlyslightlylessthanthatifdry
airatthesametemperateandpressurehadenteredtheccnupressor.

.

.
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WhenengineperformancewithwaterinJectioniscalculated,the
●

relativehumiditycanthereforebedisregardedexceptforpossible
effectsofinlethumidityonooolingeffectivenessK.

Thevariationofcompressorpressureratio,capressorhorse-
powerperpoundofairpersecmd,turbinehorsepowerperpoundof
airperseccmd,andshaftho~sepcwerperpoundofairpersecond
withthecoolingparameterQ forvariousccunpressortipspeeds
andvariousvaluesofcoollngeffectivenessK areshowninfig-
ures4 to7,respectively.Thegreatestpercentageincreasein
compressorpressureratioandhorsepowerperpoundofairfora
givenQ occmrsat K of1.0.Theexperimentalvaluesof K
(f&anfig.3)indicatethatcompressorpressur’ratioandhorse-
powerperpoundofalrraidlyIncreasewith Q whenlowwater
ratesareused;thenas 8 increases,thecompressorpressure
ratioandhorsepowerperpoundofairbeucmenearlyconstant.When
bettermeansofevaporatingtheinJectedwaterareapplied,this
operatinglineapproachesthelinewhereK isequalto1.0.8at-
urationatthecapressoroutletoccursat Q of0.885.

g
Thevariationofshafthorsepowerperpoundofairpersecond

withthetotal-liquid- alr ratioforvariouscompressortipspeeds
. andtheoreticalandexperimentalvaluesofcoolingeffectiveness. areshowninfigure8. Thetotalliquidflowisthetotalfuelflow

plusthetotalamountofwaterinJectedatthecompressorinlet.
. Theshafthorsepowerperpoundofair increaseswiththetotal-

liquid- airratio.Thegreatestpercentageincreaseinshaft
horsepowerperpoundofairoccursatthehighercompressortip
speeds.

.

Thevariaticmofspecificliquidconsumpticmwithpercentage
powerau~entationforvariouscompressortipspeedsandvarious
valuesofcoolingeffectivenessisshowninfigure9. Poweraug-
mentation1stheaugpentedpowerminusthepowerwithoutwater
injectiondividedbythepowerwithoutwaterinjection.Ata
ocmpressortipspeedof1200feetpersecondanda valueof K of
1.0,thespecificliquidccmsumptionisincreased0.08poundper
horsepower-hourperl.O-percentincreaseinshafthorsepowerfor
lowwaterinjectionrates.Atthehigherwaterinjectionrates,
thespecifioliquidconsumptionincreases0.01poundperhorsepower-
hourperl.O-percentincreaseinshaftpower.Whenthecompressor
tipspeedisincreasedto1500feetpersecondand K equals1.0,
thespecificliquidconsumptionisIncreased0.07poundper
horsepower-hourperl.O-percentincreaseinpowerforlowwater
injectionrates.Asthewaterinjectionrateisincreasedforthe
compressortipspeedof1800feetpersecond,thespecificliquid

.

.
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consumptionincreases0.005poundperhorsepower-hourperl.O-percent
increaseinpower.Atthelowwaterinjectionrates,theexperi-
mentalK curvefollowscloselytothecurveof K equalto1.0 -a
forallcompressortipspeeds.AtthehigherratesofwaterinJec- Co4
tionforallcanpressortipspeeds,thespecificliquidconsumption 1+
increasesapproximately0.1poundperhorsepower-hourperl.O-percent
increaseinpower.

Thevariationofthetotal-liquid- initial-fuelratiowith
percentagepoweraugmentationisshowninfigure10. A poweraug-
mentationof25percentispossiblewhenthetotalliquidflow
(waterplusfuel)istwicetheinitialfuelfluwforanycompressor
tipspeedabove1200feetpersecondand K isequalto1.0.For K ‘
equalto1.0,a poweraugmentationof100percentispossiblewhen
thetotalliquidflowIs4.5timestheinitialfuelflowforcom-
pressortipspeedsof1500feetpersecondorhigher.Theexperi-
mentalK values(frcunfig.3)showthata poweraugmentationof
20percentcanbeobtainedfora compressortipspeedof1200feet
persecondwhenthetotalliquidflowistwicetheinitialfuel
flowanda poweraugmentationof22percentcanbeobtainedfora
ccunpressortipspeedof1800feetpersecondforthesametotal-
liquid- initial-fuelratio.Whenthetotalliquidflowis4.5times
theinitialfuelflow,a poweraugmentationof78percentcanbe
obtainedfora compressortipspeedof1800feetpersecondwhenthe
experimentalK valuesareused.

.
.

.

E sufficientwaterisinjectedwithinthecompressortosat-
uratetheairatthecompressoroutlet,poweraugmentationof
200percentispossibleata compressortipspeedof1800feet
persecond.

SUMMARYOFRESUZTS

Thecalculatedresultsobtainedfroma theoreticalinvestiga-
tionofwaterinjectiontreatedasa polytropicprocessina
turbine-propellerenginewitha centrifugalcompressorforvarious
valuesofevaporativecoollngandcompressortipspeedsof1200,
1500,and1800feetpersecondatsea-levelstaticconditionsand
constantturbine-inlettemperatureof2000°R indicatethat:

1.A poweraugmentationof25percentispossiblewhenthe
totalliquidflowisapproximatelytwicetheinitialfuelflowfor
completeevaporationatanycompressortipspeed.A poweraug-
mentationof100percentispossiblewhenthetotalliquidflowis
approximately4.5timestheinitialfuelflowforcompleteevapo-
rationandcompressortipspeedsof1500feetpersecondorhigher.

.
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2.A poweraugmentationof78percentispossiblewhen
78percentoftheinjectedliquidisevaporatedandthetotalliquid.
flowis4.5timestheinitialfuelflowfora compressortipspeed
of1800feetpersecond.

3.A poweraugmentationof200peroentispossibleifsuffi-
cientwaterisinjeotedwithinthecompressortosat~te theair
atthecompressoroutletfora compressortipspeedof1800feet
perseoond.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio.
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~inlettemperature,518.6 R; compressor-inletpressure,14.7
poundsper squareinch abs~lute.
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F@ure 7. - Varlatlonof shafthorsepowerper poundof alr per
secondwith coolingparameterforv,ariouscompressortip speeds
and coolingeffectiveness.Compressorslipfactor,0.92;com-
pressorpressurecoeffiolent,0.70;turbineei?ficlency,0.825;
compressor-fnlettemperature,518.60R; compressor-inletpres-
sure,14.7poundsper squareinchabsolute;turbine-inlet
temperature,20.00°R.
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compressorpressurecoefficient,0.70;turbineefficiency,0.825;
compressor-itiettemperature,518.6°R; compressor-inletpressure,
14.7poundsper squareLnchabsolute;turbine-inlettemperature,
20000R.
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Figure8. - Concluded.Variationof shafthorsepowerperpeundof air
per seconduithtotal-llquid-airratiofor variouscompressortlp
speedsand coolingeffectiveness.Compressorslipfactor,0.92;
compressorpressureOoefflclent,0.70;turbineeffiaienoy,0.825;
compressor-hlettemperature,518.6°R; compressor-inletpressure,
14.7poundsper squareinchabsolute;turbine-inlettemperature,
20000R.
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Figure 9. - Variation of speoific liquid consumption with pwer augmmtat ion for various oompreasor 8
tipspeedeen! ooolingeffectiveness.Compressor slip faotar, 0.92; compressor pressure ooeffiolent,
0.70; turbine efficiency, 0.825; compreescm-inlettemperature,518.60 R; oompres60r-inl.et pressure, g
14.7 punde per square inoh absolute; turbine-inlet temperature, 20C@ R. m
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Fl$Jure9. - Concluded. Varlatlon of epeotilc 1lquid concumption with power augmeqtatlen
for various cempreseor tip speeds cud cooling eff’eotiveness. Compressor S11P factor,
0.92; omnpressor pressure ceeffioient, 0.70; turbine effioleney,0.826; eompressor-
inlet temperature, 518.6° R; compressor-inletpressure, 14.7 peunds par square inoh ab.
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Figure 10. - VSrldt10U of total-1lquid - lnitMl-fuel rat10 with power awgoentation.
Compressor slip factor, 0.9Q; oompresear pressure meffioient, 0.70; turbine
sfficiency, O.S25; sompressor-Met temperature,618.6° R; compressor-inlet
pressure, 14.7 pounds per squsrs inch absolute; turbine-inlettemperature, S!OCX30R.
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Figure 10. - Cormludad. Variation of total-liquid - initlal-fuel ratio with power aug-

tsentation. Compressor al1P faator, 0.92; compressor pressure coeffIolent, 0.’70;
turbine efficinnoy, 0.825; ooammssOr-Met tqerat~e, 51a.6° R; OwPres=Or-~et
preesure, 14.’7pnnds per sqme inch abeolute; turbine-inlet temperature, 21X100R.
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